ABSTRACT: Treatment of secondary pediatric osteoporosis-particularly that due to chronic diseases, immobilization, and necessary medical treatments-is currently limited by a poor understanding of the long-term efficacy and safety of skeletal metabolism modifying drugs. This study aimed to characterize longitudinal effects of representative anabolic (parathyroid hormone, PTH) and anti-catabolic (zoledronic acid, ZA) drugs on skeletal morphology, mechanical strength, and growth in juvenile mice. BALB/cJ mice aged 4 weeks were given PTH(1-34) or vehicle (control) daily for 8 weeks, or 4 weekly doses of ZA, and evaluated at time points 0-26 weeks after treatment initiation. There were no enduring differences in body length or mass between treatment groups. ZA increased femur size as early as week 0, including increased distal femur bone volume and diaphyseal cross-sectional area, persisting through week 26. PTH treatment only transiently increased bone size, including distal femur volume at weeks 4-12. ZA decreased diaphyseal cortical tissue mineral density (TMD) at 12-26 weeks versus controls; PTH decreased TMD only at 2 weeks (vs. controls). ZA increased bending strength at 0-12 weeks and flexural strength at week 4 (vs. controls), but decreased flexural strength and modulus at week 26. PTH treatment increased bending strength only at 4 weeks, and did not affect flexural strength. Overall, ZA rapidly and persistently increased femur strength and size, but compromised bone material quality long-term. In healthy juvenile mice, limited-duration PTH treatment did not exert a strong anabolic effect, and had no adverse effects on femur strength, morphology, or growth. ß
Reduced bone mass in childhood may be precipitated by a variety of factors, including genetic conditions, chronic illness and diseases (including leukemia, lymphoma, and sarcomas), chronic immobilization, eating disorders, endocrine disorders, and idiopathic conditions such as medications and other treatments (including glucocorticoids, chemotherapeutic agents, and radiotherapy). 1 Although clinical data is limited, metaanalyses have suggested an association between low bone density and increased fracture risk in pediatric patients. 2 For many of these causes, specific treatments are established. However, for others-particularly those associated with the long-term effects of chronic diseases, necessary medications for medical conditions, and childhood malignancy-standard treatment protocols have not been established due to a limited understanding of the long-term effects of standard osteoporosis drugs in this young patient population.
There is limited clinical data available addressing the use of these drugs in pediatric patients. While bisphosphonate therapy is a standard treatment for osteogenesis imperfecta (with the exception of type VI), 3 this drug class is not widely applied to other cases of low bone mass, in part due to concerns about the safety of inhibiting bone remodeling long-term.
Results from clinical studies of bisphosphonate treatment in pediatric cases of secondary osteoporosis have not consistently demonstrated treatment efficacy. 4 Even less is known about the use of anabolic agents such as PTH. Collectively, the clinical data indicate a need for more focused, in-depth investigations into the efficacy of drug treatments such as anabolic and anti-catabolic agents for restoring or preventing loss of bone mass in pediatric populations.
Investigation of these two classes of drugs in animal models has been largely constrained to disease models in mature animals. Several studies have investigated the effects of bone metabolism modifying drugs in animal models of dysfunctional mineralization, 5 Paget's disease, 6 or chronic inflammatory conditions. 7 These models, however, use genetically modified (knockout, point mutation) animals and did not study drug effects on wild-type animals. An exception is delivery of an anti-sclerostin antibody, which has been shown to increase cortical and trabecular bone density and thickness, as well as bending strength in juvenile wild-type mice. 8 Tissue level properties determined by nanoindentation were, however, not found to change in response to antisclerostin antibody treatment. 9 To date, the two most frequently used skeletal metabolism modifying drug classes have been assessed primarily in mature animals. Safety profiles, longterm skeletal effects, and efficacy in non-transgenic juvenile animals are not known for these drugs. The impact of rapid bone modeling and the grossly proanabolic environment of immature skeletal tissues on the efficacy and safety of anti-resorptive and anabolic drugs remain unknown. Before testing PTH or a bisphosphonate as representative agents for the anabolic and anti-catabolic classes of osteoporotic drugs in a juvenile animal model of secondary osteoporosis, the 
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efficacy and long-term effects of these drugs in normal growing mice should be established.
Two classes of drugs (anabolic and anti-catabolic) were tested in this study with the expectation that the magnitude and duration of their effects on bone morphology and strength would vary in a rapidly growing juvenile animal model due to different mechanisms of action. PTH, a key regulator in calcium and phosphate homeostasis, was selected as a proof-ofconcept anabolic agent. Pulsatile administration of PTH(1-34) stimulates net anabolic bone remodeling, and in adult animal models results in an increased bone mass, structural strength, stiffness, and energy absorption. [10] [11] [12] In a pro-inflammatory juvenile mouse model of osteoporosis, osteoprotegerin and PTH combination prevented bone loss. 7 While there is currently a black box warning against pediatric use of PTH (teriparatide) in patients with open epiphyses because of increased incidence osteosarcoma in rat studies, 13, 14 clinical data casts doubt on the connection between PTH and increased neoplasm risk in humans. 15, 16 Zoledronic acid (ZA), a pyrophosphate analog bisphosphonate, was chosen as the proof-of-concept anti-catabolic drug. 17 In adult rats and humans, bisphosphonate attenuation of catabolic osteoclast activity consistently results in increased bone mass, strength, and bone mineral density. [18] [19] [20] In growing male mice, alendronate, ZA, pamidronate, and clodronate treatment resulted in substantial increases in cortical and trabecular bone mass, suggesting that bone strength could be improved, but changes in mechanical strength were not measured. 21 This study aimed to characterize longitudinal effects of limited-duration PTH(1-34) and ZA delivery on skeletal morphology, mechanical bone strength, and animal growth in a juvenile mouse model. We hypothesized that PTH and ZA would increase bone volume and bone strength without adversely affecting the normal growth (mass, length, body composition) of juvenile mice.
METHODS

Animal Model
All procedures were approved by the SUNY Upstate Institutional Animal Care and Use Committee. Female BALB/cJ mice (Jackson Labs, Bar Harbor, ME) were randomly assigned to one of three drug treatment groups, with drug delivery commencing at 4 weeks of age. Animals were maintained in community housing ( 5 mice/cage, 22˚C) on a 12 h light/dark cycle with ad libitum access to food and water, daily welfare observations, and biweekly cage and bedding changes. The first group received daily injections of PTH (1-34) (5 days/week, 40 mg/kg SC in saline with 0.1% bovine serum albumin, Sigma-Aldrich, St. Louis, MO) for 8 weeks. The second group received four consecutive weekly injections of ZA (once weekly, 100 mg/kg SC in saline). The control group received injections of vehicle (0.1% bovine serum albumin in saline) paralleling the frequency and volume of PTH delivery. At end points of 0, 1, 2, 4, 8, 12, and 26 weeks (9 mice/group/time point, 189 mice total), mice were euthanized. Mice were weighed weekly to track growth, with drug dosages adjusted accordingly. Body length (rostrum to base of tail) was measured at each time point. While no adverse events or unexpected deaths observed in any treatment group, one animal from the vehicle group at week 8 was excluded from femur-specific analyses due to grossly anomalous bone morphology.
Imaging and Morphological Assessment by DXA and mCT Euthanized intact mice were imaged with dual-energy X-ray absorptiometery (DXA, PIXImus 2, GE Lunar, Madison, WI) to quantify whole body composition and regional areal bone mineral density (aBMD) of the distal 50% of the right femur and over the whole body (excluding the cranium). Following this, femurs were disarticulated, cleaned of soft tissue, wrapped in saline moistened gauze, and frozen at À80˚C. Right femurs were imaged by micro-computed tomography (mCT) using a 12 mm voxel resolution (225 kV, 144 mA, 200 s integration time using a micro-CT 40, Scanco Medical AG, Br€ uttisellen, Switzerland) ( Fig. 1 ). Four volumes of interest (VOIs) were analyzed, applying a global lower threshold of 654 mg HA/cm 3 . The volumetric tissue mineral density (TMD) was quantified at the middle 7% of the diaphyseal cortex (VOI shown in Fig. 2A ). Mid-diaphyseal morphology outcomes included cortical bone, marrow, and total crosssectional areas as well as mean cortical thickness and minimum outer caliper (Feret) diameter. 22 The TMD and bone volume (BV) were quantified over the distal 33% of the femur (VOI shown in Fig. 3A) . The trabecular TMD, bone volume fraction (BV/TV), trabecular number, trabecular thickness, and other parameters were quantified in the epiphyseal and metaphyseal VOIs (VOIs shown in Fig. 4A and C). The distal metaphysis VOI was 3% of the length starting proximal to the growth plate, and the distal epiphysis VOI was 2.8% of the length proximal to the intracondylar groove, but distal to the growth plate. To account for the substantial growth occurring in juvenile animals over the 6-month long study, VOIs were defined relative to the total femur length rather than as an absolute position.
Mechanical Testing in Three-Point Bending
Whole femur mechanical properties (structural strength/ stiffness) and material properties (flexural strength/modulus) were quantified using a three-point bending test (Q-test, MTS, Eden Prairie, MN). Femurs were centered over two supports (8 mm span) with a 1 N preload before loading to failure at a rate of 1 mm/min with the anterior surface in tension (Fig. 5A ). Outcome measures included whole femur bending strength, bending stiffness, post-peak displacement, cortical bone flexural strength, and flexural modulus. The latter was calculated using standard bending equations for asymmetrical beams with geometric parameters (e.g., section modulii) obtained from BoneJ. Briefly, the mCT image stacks were imported into ImageJ (NIH, Bethesda, MD), aligned digitally as they were in the mechanical test rig, the loading point was identified, and sectional parameters at that point determined using the BoneJ plugin.
Statistical Analyses
Data were analyzed using one-way analysis of variance (ANOVA) with Tukey's post-hoc tests to compare the drug treated groups (PTH, ZA) to vehicle controls (VEH) at each time point. The percentage differences in outcome measures (OM) for PTH versus VEH and ZA versus VEH were calculated ((treatment-VEH)/VEH) and are indicated as DOM with positive (þ) indicating an increase and negative (À) indicating a decrease relative to the VEH group. Analysis of covariance (ANCOVA) with the covariate time was used to compare rates of change between treatment groups for independent variables over weeks 0-26. A log transformation of time was used to achieve normality in the linear regression model errors. Statistical significance was defined at p < 0.05. One animal from the ZA group at week 12 was excluded from bone strength analyses because the bending and flexural strength fell at least four standard deviations below the group mean, and was determined to be an outlier based on an extreme Studentized deviate test.
RESULTS
Femoral Morphology
Qualitatively, the effect of ZA on gross bone morphology was substantial (Fig. 1) . Administration of ZA was associated with an early increase in endosteal and intramedullary bone quantity, which started to occlude the marrow space at weeks 2-8. By week 12, however, the metaphyses of ZA-treated femurs appeared more similar to controls, although a band of sclerotic bone was retained more proximally in the diaphysis. PTH increased the size and number of trabeculae in the epiphysis compared to the control but appeared similar to the control in the metaphysis and diaphysis (Fig. 1) . Figure 1 . Reconstructed mCT images of representative distal femurs from juvenile mice for each time point for vehicle (VEH), parathyroid hormone (PTH), and zoledronic acid (ZA) treatment groups. The distal 5 mm of each femur (digitally sectioned in the sagittal plane), and a 120 mm thick transverse section of the metaphysis are shown. In the ZA treated group, sclerotic trabeculae can be seen filling the marrow canal; however, the PTH group appears very similar to the control group.
PTH AND ZA JUVENILE EFFECTS
Mid-Diaphyseal Cortical Morphology
Mid-diaphyseal cross-sectional total area (Tt.Ar) and cortical bone area (Ct.Ar) were significantly increased by ZA compared to VEH at all time points (DTt.Ar: ranging from þ9.3 to þ27%, p 0.043; DCt.Ar: þ13 to þ21%, p < 0.004). Tt.Ar was unaffected by PTH, and Ct.Ar increased only at 12 weeks in the PTH group (þ9.1%, p ¼ 0.014) (Fig. 2B and C) . Mid-diaphyseal cross-sectional marrow area (Ma.Ar) was significantly increased in ZA-treated mice at 4-26 weeks (DMa.Ar: þ19 to þ40%, p 0.001), and unaffected by PTH (Fig. 2D) . The cortical volumetric TMD at the femoral mid-diaphysis was significantly decreased compared to vehicle controls at 12-26 weeks in the ZA group (DTMD: À0.9 to À1.9%, p 0.021), and at 2 weeks in the PTH group (DTMD: À1.6%, p ¼ 0.009) (Fig. 2E) . Mean cortical thickness (Ct.Th) was increased from weeks 0 through 8 by ZA treatment (DCt.Th: þ6.6 to þ14%, p 0.015), and by PTH treatment only at 12 weeks (DCt.Th: 6.3%, p ¼ 0.008) (Fig. 2F) . Minimum mid-diaphyseal diameter (Min.Dm) was significantly increased by ZA at all time points except 2 weeks (DMin.Dm: þ3.9 to þ12%, p 0.031), and was significantly increased by PTH at 4 and 12 weeks (DMin.Dm: þ3.4 and þ3.9%, respectively, p 0.011) (Fig. 2G) 
Distal Femur Morphology
In the distal femur, ZA treatment induced a significant decrease in TMD from weeks 1 through 26 compared to vehicle controls (DTMD: À1.4 to À4.4%, p 0.010). PTH treatment was associated with significantly decreased TMD only at 2 weeks (DTMD: À1.7%, p ¼ 0.001 vs. VEH) (Fig. 3B) . Distal femur BV was significantly increased at all time points by ZA (DBV: þ23 to þ103%, p 0.001 vs. VEH), and by PTH at 4-12 weeks (DBV: þ11 to þ19%, p 0.040 vs. VEH) (Fig. 3C ).
Epiphyseal and Metaphyseal Trabecular Morphology
Epiphyseal trabecular bone volume fraction (BV/TV) (Fig. 4A) was significantly increased compared to vehicle controls at 2 and 26 weeks by ZA treatment (DBV/TV: þ27 and þ17%, respectively, p 0.012) (Fig. 4B) , and at 1 and 4-12 weeks by PTH treatment (DBV/TV: þ9.7 to þ17%, p 0.024). Compared to vehicle controls, metaphyseal BV/TV (Fig. 4C) was significantly increased by ZA treatment at 0-4 and 12 weeks (DBV/TV: þ45 to þ332%, p 0.001) (Fig. 4D) , and by PTH at 1-4 weeks (DBV/TV: þ81 to þ127%, p 0.018). Additional epiphyseal and metaphyseal trabecular bone measures including trabecular number, thickness, spacing, structure model index, and degree of anisotropy are reported in the Supplementary Table S1 .
Mechanical Testing
Three point bending strength (Fig. 5B) was significantly increased in ZA-treated femurs from weeks 0-12 (DBendStrength: þ14 to þ29%, p 0.045 vs. VEH). Bone bending stiffness (Fig. 5C ) was significantly increased in the ZA group at 1-26 weeks (DStiffness: þ16 to þ35%, p 0.001 vs. VEH), and was unaffected by PTH. Post-peak displacement (Fig. 5D ) was decreased by ZA treatment at 1, 4, and 12 weeks (DPostPeakDispl: À72 to À85%, p 0.037), and was unaffected by PTH treatment. Flexural strength (Fig. 5E ) was increased only at week 4 (DFlexStrength: þ7%, p ¼ 0.036 vs. VEH). By week 26, femoral flexural strength in the ZA group was significantly decreased (DFlexStrength: À16%, p ¼ 0.001 vs. VEH) and there was lower flexural modulus (DFlexModulus: À16%, p ¼ 0.001) (Fig. 5F ). PTH significantly increased bending strength only at 4 weeks (DBendStrength: þ16%, p ¼ 0.002 vs. VEH), and did not significantly affect Bending stiffness increased at a more rapid rate in the ZA and PTH groups (p ¼ 0.001, 0.038, respectively by ANCOVA) versus the control group. The post-peak displacement decreased more rapidly in the ZA group (p ¼ 0.001 by ANCOVA vs. VEH).
Overall Growth
Overall, there were no enduring differences between the three treatment groups in body mass, body length (rostrum to tail), or DXA-derived body composition. Initial (pre-treatment) body mass of mice in the ZA group was, on average, 0.9 g less than that of mice in the VEH group (p ¼ 0.017). Final (end point) body mass was greater for mice in the ZA group (vs. VEH) group at 0 week (DBodyMass: þ13%, p ¼ 0.009), and decreased in the ZA group at 26 weeks (DBodyMass: À13%, p ¼ 0.046 vs. VEH) (Supplementary Table S2 ). Body length was significantly increased 0, 1, and 8 weeks in the ZA group (DBodyLength: þ3.9 to þ11%, p 0.002 vs. VEH), but significantly decreased in the PTH group only at the 2-week time point (DBodyLength: À3.0%, p ¼ 0.046 vs. VEH) (Supplementary Table S2 ). Body composition in the ZA group differed from the VEH group only at 0 week (p ¼ 0.003) (DFatMass: þ2.7%; DLeanMass: À3.6%), and did not differ at any point between the PTH and VEH groups (Supplementary Table S2 ).
DXA-Derived BMD
Areal BMD (aBMD) and corresponding bone area were measured by DXA over the distal 50% of each femur. The aBMD data diverged greatly from the mCT-derived volumetric TMD values. With ZA treatment, distal femur aBMD was increased at all time points (DaBMD: þ20 to þ58%, p 0.001 vs. VEH), and at 8 weeks with PTH (DaBMD: þ12%, p 0.004 vs. VEH) (Supplementary Table S3 ). Whole body assessment of DXA-derived BMD was done excluding the cranium. With ZA treatment, whole body aBMD was increased at all time points (DaBMD: þ13 to þ27, p 0.001 vs. VEH), and at 8 and 12 weeks with PTH (DaBMD: þ4.9 and þ3.8%, respectively, p 0.006 vs. VEH) (Supplementary Table S2 ).
DISCUSSION
In this juvenile mouse model, treatment with PTH and ZA produced no enduring adverse effects on femur strength, morphology, body size, or body composition; the one exception being decreased flexural strength and modulus at 26 weeks following ZA delivery. The two mechanical strength outcomes used in this study indicate that the PTH and ZA drug treatments can differentially affect structural and material strength of growing bone. Bending strength, which represents the functional strength of the femur, is affected by both the amount of bone (size) and the material properties of cortical bone. In contrast, flexural strength and modulus reflect the intrinsic properties of the bone material rather than the whole bone as a structural unit. The increased bending strength in response to ZA treatment was driven by an increase in bone size, as evidenced by persistently increased Tt.Ar, Ct.Ar, Ma.Ar, Ct.Th, and Min.Dm. The decreased flexural strength and modulus in ZA-treated femurs at 26 weeks suggests that there is reduced bone material quality that may persist long-term. This could result from a variety of factors, including buildup of poor quality bone matrix (improperly oriented/crosslinked collagen fibrils) or accumulation of microdamage resulting from bisphosphonate attenuation of bone remodeling. 23 Therefore, while femur strength for a single loading event may increase with ZA treatment, there may be other risks associated with reduced bone quality such as reduced ability to resist crack propagation (embrittlement). 24, 25 The possibility of material embrittlement by ZA is further supported by the decrease in post-peak displacement at 1, 4, and 12 weeks. Material embrittlement of cortical bone is particularly concerning given recent reports of atypical long bone fractures in human patients following longterm bisphosphonate therapy. [26] [27] [28] Additional studies are needed to quantify the long-term effects of ZA on resistance to crack propagation as well as the changes to matrix and mineral chemistry.
Interestingly, the PTH treatment group demonstrated minimal changes in many outcome measures, with the exception of the metaphyseal and epiphyseal trabecular compartments, both of which had modest anabolic responses. This unexpectedly mild response may be attributable to the animal model-anabolic potential and endogenous PTH-responsive systems may already be at near maximum in rapidly growing juvenile mice, particularly in the metaphysis.
In adult mice, it was previously reported that PTH treatment increased femur cortical bone strength, cortical thickness, and periosteal circumference. 29 Anabolic effects of PTH treatment have also been demonstrated in the proximal tibia of juvenile rats. 30 While limited changes in response to PTH treatment were seen in our study of juvenile mouse femurs, this may be because the actively growing juvenile mouse is already at peak anabolic function, resulting in a ceiling effect, essentially preventing any additional anabolic effects to be seen from the addition of exogenous agents. However, the positive effects of PTH delivery in a juvenile animal model could potentially occur if bone modeling were attenuated by metabolic bone diseases, chronic disease, immobilization, or following radiotherapy or chemotherapy. 31 Anti-sclerostin antibody, an anabolic drug, has been shown to increase bone mass and strength (but not elastic modulus) in growing wild-type and osteogenesis imperfecta mice. 8, 9 A study in juvenile rats found that local bone loss resulting from focal irradiation was attenuated by PTH treatment, 32 possibly due to improved osteoblast/osteocyte survival. 33 PTH, however, did not prevent glucocorticoid-induced osteoporosis in growing mice. 34 Effects from bisphosphonate treatment may be more dramatic compared to the anabolic agent PTH, because ZA functions by inhibiting osteoclastic bone resorption. Inhibiting bone resorption in an environment of robust anabolic activity (here, a growing mouse), allows newly formed matrix to persist without remodeling for long periods of time, resulting in increased bone quantity. This could also explain the robust effects of ZA in the rapidly remodeling metaphyseal compartment compared to more static epiphyseal region. In adult mice, rats, and humans, bisphosphonate treatments consistently result in increased bone mass and structural strength. [18] [19] [20] 29, 35, 36 In contrast to increased whole bone strength, the tissue material strength and work to fracture were shown to decrease with bisphosphonate treatment in adult rats and dogs. 19, 23, 37 Results of the juvenile mouse study presented here are consistent with the literature in demonstrating a bisphosphonate-induced increase in bone quantity leading to increased bone strength, accompanied by decreased bone tissue quality.
TMD in the distal femur was significantly decreased in the ZA group-an unexpected finding that contrasts with previous clinical studies and work in adult mouse models that found TMD increased after bisphosphonate administration. 38, 39 Differential responses shown in this study may be due to rapid bone modeling in juvenile mice combined with inhibited turnover due to the drug. In mature animals, the decreased number of active bone modeling sites may permit more complete tissue mineralization to occur with ZA treatment, resulting in a net increase in bone density. In this skeletally immature model, ZA-mediated attenuation of remodeling coupled with rapid anabolic modeling may be permitting appositional bone modeling to occur over top of incompletely mineralized osteoid, resulting in persistently decreased TMD. ZA treatment decreased TMD and flexural modulus as would be expected given that bone mineral is the primary influencing factor of bone material stiffness. [40] [41] [42] However, the overall femoral bending stiffness increased for the ZA group compared to controls, despite the decrease in material stiffness, indicating that the increase in femoral stiffness by ZA was driven by the increased bone size.
While the mCT-derived volumetric TMD was decreased by ZA treatment in the distal femur, the DXAderived areal BMD for the same region was significantly increased. This discrepancy is important to consider given the widespread clinical use of DXA-derived aBMD measurements for fracture risk assessment. The difference in measured densities can be explained by the distribution of the newly modeled tissue. In the distal part of ZA-treated femurs, inhibition of osteoclastic activity prevents resorption of trabecular bone, allowing old trabecular structures to persist in the medullary space as the mice grow (Figs. 1 and 4) . While this trabecular bone is normally remodeled as the mice grow, attenuation of osteoclastic activity by ZA allows these structures to accumulate and effectively increase the aBMD by filling in the normally hollow space without expanding the bone area measured by DXA relative to controls. Increasing the amount of bone tissue without a change in bone area results in an increase in aBMD, as reported here. Note that the changes in bone mineral content with time and treatment, as reported by DXA and mCT, are consistent. At the mid-diaphysis, bone modeling in the ZA group appears more prevalent on the periosteal surface, as evidenced by an increase in Tt.Ar and larger Min.Dm (Fig. 2) .
There are several limitations to the study presented here. First, only female mice were studied, and it is possible that there may be sex-associated differences in response to drug treatments. Adult female (wild-type) mice were shown to be more responsive to RANK-Fc treatment than male mice, although when genetically modified to model osteogenesis imperfecta (oim/oim), male mice were more responsive to anti-catabolic RANK-Fc treatment. 43 Other studies have demonstrated substantial increases in both cortical and trabecular bone with bisphosphonate treatments in young male mice. 21 Further investigation is needed into the sexdependent effects of these drugs in pediatric models. Secondly, only one dosing strategy was evaluated in this study for each of the proof-of-concept drugs. Further optimization of drug dosage and delivery strategy would be necessary in order to advance towards clinical use. The 40 mg/kg/day dosage of PTH(1-34) employed here is consistent with that used by several other research groups, 44, 45 including in studies of juvenile animals.
32,33
The ZA dose (100 mg/kg, human equivalent dose $8 mg/ kg) was selected based on prior efficacy in attenuating radiation-induced bone loss 46 and tumor osteolysis 47 and was utilized as a proof-of-concept to ensure a worst case scenario effect for use of bisphosphonate effects on skeletal metabolism.
In the study presented here, ZA was efficacious in increasing bone quantity (size), and therefore bending strength. However, these benefits were accompanied by a persistent decrease in bone TMD and diminished flexural strength and modulus at 26 weeks, suggesting that ZA treatment results in decreased material properties long-term. PTH treatment had minimal effects on morphology, density, and strength. The effects of PTH treatment in a juvenile animal model may be more robust if endogenous anabolic activity is impaired, as in radiation therapy, disuse, disease, or injury models. Further evaluation of ZA and PTH treatment effects on growing bones is still required, including investigation into how these drugs affect fracture toughness and matrix quality in a juvenile animal model of limited field radiotherapy.
SIGNIFICANCE
In healthy, growing, juvenile mice, limited-duration PTH treatment appears to have no short-or long-term adverse effects on femur strength, morphology, body size, or body composition, and does not have a strong anabolic effect on skeletal growth. ZA induced longterm increases in femur strength and bone quantity in growing mice, but may have late adverse effects on bone material quality.
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